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Impact of Point Spread Function on Infrared
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Abstract—The blurring from diffraction for the infrared (IR)
radiances on a geostationary satellite (GEO) e.g., the next gen-
eration of Geostationary Operational Environmental Satellite
(GOES-R) was simulated by using Moderate Resolution Imaging
Spectroradiometer Airborne Simulator data and the point spread
function (PSF) model for an unobscured telescope. The portion
of the total radiance contributed from each nearby geometrical
field of view (GFOV) was calculated. For 90% ensquared energy
(EE) (equivalent to 10% of the energy coming from outside the
footprint), the closest GFOVs contribute 7%; the contribution
from the closest GFOVs increases to 22% for 70% EE. The
increased portion from the nearby GFOVs causes larger blurring
and degrades the pixel-based retrieval product accuracy. Radiance
contamination from the nearby field for the GEO IR radiances
with 90%, 80%, and 70% EE causes 0.2-, 0.3-, and 0.4-K blurring
errors, respectively, in the 12-pm IR longwave window band in
clear 300-K scenes. The blurring error is doubled in cloudy 230-K
scenes. For the 13.8-um absorption band, the blurring error will
be smaller than that of the 12-yum band because the atmospheric
layer where the temperature sensitivity peaks for the 13.8 pm is
more uniform than the surface where the 12 m is most sensitive.
This indicates that the PSF has a greater impact on a heteroge-
neous surface. Similar blurring errors occur at both 4- and 10-km
spatial resolution IR sensors. The blurring error is not random,
and it varies spectrally. These conclusions are very relevant to the
design of a cost-effective GEO IR sounder that meets the science
requirements.

Index Terms—Ensquared energy (EE), geostationary satellite
(GEO), infrared (IR) radiances, point spread function (PSF).

I. INTRODUCTION

HE PIXEL is used here to describe the elementary unit
observed by satellite sensors. For an ideal instrument,
the detector output is proportional to the pixel radiance within
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the footprint, i.e., the geometrical field of view (GFOV); the
information content originates solely from its GFOV. However,
real instruments do not exactly reproduce the spatial radiance
field of the pixel; a nontrivial portion of the energy comes from
the surrounding areas [1], [2]. This energy from outside the
GFOV introduces the blurring influence, which degrades the
image quality and the pixel-based retrieval product accuracy
(3], [4].

Diffraction is one of the unavoidable factors that generate
a blurring influence. Diffraction in a satellite sensor occurs
because the diameter of the optical system has a limited size.
It reduces the detector response from the radiances within the
GFOV and increases its response from the radiances outside
the GFOV. Other factors, such as the time response of the de-
tector, electronics (analog-to-digital conversion), scan pattern,
atmospheric effects, as well as image resampling can cause ad-
ditional blurring influence [5]. The blurring influence becomes
an inherent source of uncertainty in a satellite image. In the
study of architectural trades for the satellite sensors, a blurring
influence is described by a point spread function (PSF), and
the magnitude of the blurring influence is scaled by ensquared
energy (EE) [6]. Because of the high orbital altitude, an instru-
ment on a geostationary satellite (GEO) has a larger blurring.
To mitigate the blurring influence, high EE is required [7].

High EE is desirable for a pixel-based retrieval product, but it
increases the instrument’s cost and technical difficulty. A com-
promise is necessary. This paper provides information to assist
in achieving an effective yet scientifically useful GEO infrared
(IR) sensor design. The radiances from GEO were simulated
for two IR bands and two spatial resolutions with a selected
PSF model applied to high spatial resolution airborne mea-
surements. The total radiance and the ratio of radiances from
the nearby and far fields were calculated. The brightness tem-
perature difference (BTD) between 100% EE and a given
PSF model was quantified. By comparing the BTD with the
noise-equivalent TD (NEAT) required to generate temperature
and moisture-profile retrieval, the impact on vertical temper-
ature and moisture soundings was assessed. To generate real-
istic scenes, Moderate Resolution Imaging Spectroradiometer
(MODIS) Airborne Simulator (MAS) data were utilized in the
simulation. One clear granule and one cloudy granule were
selected to represent a general case and a more heterogeneous
case, respectively. IR bands were simulated at 4- and 10-km
spatial resolution to represent Geostationary Operational En-
vironmental Satellite (GOES-R) Hyperspectral Environmental
Suite (HES) severe weather/mesoscale (SW/M) mode and disk
sounding (DS) mode, respectively. The two spectral regions
selected are the 12-pm window band and the 13.8-um COq
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Fig. 1. Realistic and ideal PSF model for simulating GEO radiances.

absorption band. The PSF model is representative for an un-
obscured telescope.

Section II introduces the PSF and EE used in this paper.
Section III describes the data from MAS measurements and
the simulation of GEO footprints. Section IV quantifies the
portion of the radiance contributed from each set of nearby
GFOVs. Section V presents the blurring influence realized
for 70%, 80%, and 90% EE. Section VI gives the retrieval
results due to the blurring. The conclusions are summarized in
Section VII.

II. PSF AND EE
A. PSF Model

The PSF of a sensor describes the response of the sensor to
a pencil ray of radiance from a given direction. Therefore, the
radiance I measured by the sensor is given by

I= /dw/PSF(w,y)Is(w,y)dy (1)

where I, is the scene radiance distributed in the object
space, and = and y are scene positions that originated from
the peak of the PSF in the object plane. Since I must equal
I when the scene is uniform, the PSF(z, y) must satisfy the
normalization condition

7
In this paper, we utilized an optical PSF model from an un-
obscured telescope as the realistic model and a rectangle as
the ideal model (Fig. 1). The actual shape of the satellite sen-

sor’s PSF may differ from (3) because of nonuniform detector
response, electronic output noise, and atmospheric scattering.

PSF(x, y)dzdy = 1. 2)
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Fig. 2. Sketch of EE in terms of the PSF. Dashed square shows the integral
area for EE, which is determined by the TGSD.
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Fig. 3. EE as a function of the telescope diameter for the PSF model in (3).

The optical PSF in object space (i.e., in GEO-coordinate) for a
diffraction-limited unobscured telescope is given by [8]

A/ x2 +y2
o1, (1,55

T /E2+y2

jd

PSFE(z,y; A\, d,h) =

3)

where J; is the first-order Bessel function, X is the wavelength,
d is the telescope diameter, and h is the distance from the object.
For the GEO measurements, h is the nominal orbital height
assumed to be 35786 km.

The ideal PSF model is given by

1, <TGSD

where TGSD is the threshold ground sample distance, which
is the centroid-to-centroid distance between adjacent spatial
samples on the Earth’s surface as measured at the satellite
subpoint.
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Fig. 4. Red-green-blue composite images of two selected MAS granules. Red with MAS band 20 (2.15 pum), green with band 10 (1.64 m), and blue with band 2
(0.55 pm). (a) Clear granule from the Terra-Aqua eXperiment 2002 around the Gulf of Mexico and (b) cloudy granule from the THORpex Field Campaign 2003

in the Pacific Ocean around Hawaii.

B. Ensquared Energy

EE, a unitless figure-of-merit, is the ratio of energy detected
from the nominal GFOV divided by the energy detected from all
GFOVs. According to the HES product and operation require-
ments document (PORD) [7], the nominal GFOV corresponds
to the ground sample area (defined by the TGSD, not the detec-
tor active-area projection on the ground). EE can be understood
in terms of the PSF (see Fig. 2) as follows:

TGSD T
2

_ TGSD f
2

GSD
B T2G2$D PSF(.’I}, y)dxdy
ffooc fjox PSF(z, y)dxzdy

As a standard, EE is always referenced to the TGSD. Obvi-
ously, the EE of the ideal PSF model in (4) is 100%.

In this paper, only the optical part (diffraction) of the PSF
was considered. However, both optical and electrical crosstalk
are present in actual detectors. This adds to the wings of the
detector spatial response and degrades the EE. With such an
EE requirement, the important question is what the impact of
the radiances farther away will be, especially in the vicinity
of clouds. In a heterogeneous scene, the radiances might be
contaminated by fields farther away, and thus, the single-pixel
science products will be impacted.

EE in terms of the PSF is the fundamental parameter for
measuring the blurring influence. It has been shown that judi-
cious selection of the field-stop shape and its size relative to the
sampling pattern can considerably increase the EE and reduce
the blurring influence [6]. Fig. 3 shows the increased EE as the
function of telescope diameter for the PSF model in (3). The
field-stop shape effect on the EE is not covered in this study.

EE = )

III. DATA AND STUDY AREA
A. MAS Data Selection

In order to simulate the impact of distant fields on the GEO
IR radiances, very high spatial resolution data with wide spatial
coverage are necessary. The MAS is an airborne scanning
spectrometer with 50 channels that measure the reflected so-
lar and thermal emitted radiation from the shortwave visible
(0.5 pm) through the longwave IR (14 pm). It acquires high
spatial resolution imagery of cloud and surface features from
its vantage point onboard a NASA ER-2 high-altitude research
aircraft. The spectrometer is mated to a scanner subassembly,
which collects image data with an instantaneous field of view
(IFOV) of 2.5 mrad, giving a ground resolution of 50 m from

an altitude of 20 000 m. The swath width of the image is 37.25
km [9]. With such a high spatial resolution, MAS data are ideal
for simulating the GEO radiances at several IR spectral regions.
The spatial resolution for a GEO IR sounder is usually on the
order of 4 to 10 km.

A cloudy and a clear granule were selected from MAS
field campaigns (Fig. 4). The clear granule was taken from
the Terra-Aqua eXperiment 2002 around the Gulf of Mexico
(http://cimss.ssec.wisc.edu/tx2002). The cloudy granule was
taken from the THORpex Field Campaign 2003 over the Pacific
Ocean near Hawaii (http://mas.arc.nasa.gov/data/deploy_html/
thorpex_home.html). In Fig. 4(a), the whole scene is very
clear except some broken clouds in the upper left part of the
image; it represents a very general case of ocean and land
surface observed by the satellite. In Fig. 4(b), almost half of the
scene is covered by the multilayer clouds; it represents a more
heterogeneous case observed by the satellite.

B. Simulation of GEO Footprints

A granule of MAS data contains 37.25 km in the cross-track
direction and over 300 km (depending on the distance of the
flight route) in the flight-track direction. Because of the narrow
swath width, the MAS data were folded in the line direction (up
and down) to generate an image that is three times the width
(swath) of the original image in order to accurately evaluate
the far-field effect of the EE. Fig. 5 shows the folded 12.00-
and 13.83-um BT images for the clear case and cloudy case
in Fig. 4.

IV. SIMULATED RADIANCES OF GEO IR SOUNDER

With folded data, the total radiance of GEO measurements at
the center footprint can be simulated as follows:

(7+3)TGSD (7+3)TGSD
Ieeo= Y, Ay > PSF(z,y)luas(z,y)Az.
—(74+3)TGSD  —(7+3)TGSD

(6)

Seven TGSDs approximate the contribution of the far field. The
dashed square areas in Fig. 5 indicate the data surrounded by at
least seven TGSDs in all directions.

The total radiance in (6) is the summation of the radi-
ances contributed from the footprint and its surrounding area.
Therefore, the individual radiances from the center GFOV
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Fig. 5. MAS folded data and area selected for simulated GEO footprints. The

abscissa is the MAS scan line number, and the ordinate is the MAS pixel number
after folding. The dashed-square areas indicate the data surrounded by at least
seven TGSDs in all directions. (a) MAS folded clear scene in BT of 12.00 pm,
(b) MAS folded clear scene in BT of 13.83 pum, (c) MAS folded cloudy scene
in BT of 12.00 pm, and (d) MAS folded cloudy scene in BT of 13.83 pm.
Double arrows show seven TGSDs around the footprints for EE simulation.
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Fig. 7. Averaged radiance contributed from each individual component. The
radiance of individual components computed from (7) and (8). Four bars show
the results for the clear scene and cloudy scene at 12.00 and 13.83 um,
respectively. Corresponding values are given also at the bottom table of the
figure. The unit of the radiance is watts per square meter per steradian per
micron). All the values were averaged within the selected area indicated in
Fig. 5: (a) 90% EE and (b) 70% EE.

(footprint), the first nearby GFOV, the second nearby GFOV,
etc., are given by

TGQSD TstD
Rpo= Z Ay Z PSF(z,y)Imas(z,y) Az (7
_IGSD  _TGSD
2 2
(i+3)TGSD (i+4)TGSD
Ipo= Z Ay Z PSF(z,y) Imas(z,y) Az
—(i+3)TGSD  —(i+3)TGSD
(i-%)TGSD (i-3)TGSD
- Z Ay Z PSF(z,y) Ivas(z, y) Az
—(i-3)TGSD  —(i-3)TGSD

®)

where I8, means the radiance from the center GFOV, and
I}z means the radiance from the ith nearby GFOV for i >
1. Fig. 6 shows a sketch of surrounding nearby GFOVs. The
square is assumed for each footprint in the simulation as an
approximation.

Fig. 7(a) shows the averaged radiance from each individual
component for 90% EE while Fig. 7(b) is the same for 70%.
Table I shows the averaged ratio of each individual component
to the total radiance. All the values in Fig. 6 and Table I were
averaged within the selected area indicated in Fig. 5.
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TABLE 1
AVERAGED RATIO OF EACH COMPONENT I¢, o, TO THE TOTAL RADIANCE
Percentage (%)
Case Center FOV 1st nbr 2nd nbr 3rd nbr 4th nbr 5th nbr others
90% | 70% | 90% | 70% | 90% | 70% | 90% | 70% | 90% | 70% | 90% | 70% [ 90% | 70%
EE EE EE EE EE EE EE EE EE EE EE EE EE EE

Clear 12.00 90.11 | 7043 | 7.12 | 2247 | 143 | 348 | 0.63 | 1.68 | 0.34 | 098 | 022 | 0.57 | 0.15 | 0.39
Clear 13.83 90.12 | 70.02 | 7.10 | 22.81 | 1.43 | 352 | 063 | 1.68 | 0.34 | 099 | 022 | 0.59 | 0.15 | 0.39
Cloudy 12.00 | 90.12 [ 70.45 | 7.11 | 2246 | 143 | 348 | 0.63 | 1.68 | 0.34 | 098 | 022 | 0.57 | 0.15 | 0.39
Cloudy 13.83 | 90.12 | 70.02 | 7.10 | 22.81 | 1.43 | 3.52 | 0.63 | 1.68 | 0.34 | 0.99 | 022 | 0.59 | 0.15 | 0.39

For the 90% EE, 10% of the radiances are from pixels outside
the center pixel of which 7% comes from the first set of adjacent
pixels (first nearby GFOVs), 1.4% (second), 0.6% (third), 0.3%
(4th), 0.2% (5th), and 0.5% comes from pixels outside of
the fifth nearby GFOVs. For the 70% EE, the contributions
from the first nearby GFOVs increase rapidly up to 22%. The
contributions from other nearby GFOVs have also increased.

V. NEARBY AND FAR-FIELD GFOVS’ INFLUENCE ON BT

It is very important to quantify the influence on the measured
radiance from the nearby and far-field GFOVs for a specific EE.
Here, we define the blurring influence as the BTD between the
BT simulated with a specific EE and the BT simulated with the
ideal PSF (100% EE) defined by (4). BT can be derived from
the simulated radiance with the inversion of the Planck function
as follows:

C

Cy
mIgeo\®

ot Aln(

€))

+1)

where C is the first radiation constant and C; = 3.7418 x
106 W/m?2. C, is the second radiation constant and Cop =
1.43879 x 10° m - K.

Fig. 8 and Table II show the calculated blurring influence for
the two simulated IR sensor spatial resolutions (10 km for HES
DS and 4 km for HES SW/M on GOES-R) in the clear scene
and cloudy scene at 12.00 and 13.83 pm, respectively. The
simulated footprint contains 200 x 200 MAS pixels for 10-km
spatial resolution and 80 x 80 for 4-km spatial resolution. The
calculations show that in clear skies, for a GEO IR sounder
with 10-km resolution, 90%, 80%, and 70% EE can result in
blurring influence up to 0.2, 0.3, and 0.4 K, respectively, with
IR longwave window band (e.g., 12 pm). While in cloudy skies,
the influence is amplified up to 0.4, 0.6, and 0.8 K, respectively.

At the absorption band (e.g., 13.8 um), the blurring influence
from the nearby GFOVs tends to be less than at the window
band due to the fact that 13.83-um scene tends to be more
homogeneous. The results of a GEO IR sounder with 4-km
resolution are similar to those of a GEO IR sounder with 10-km
resolution. However, in some extreme footprints (uniform
scene), the nearby field impact can be larger than that of a GEO
with a 10-km resolution.

VI. IMPACT OF BLURRING ON TEMPERATURE
AND MOISTURE RETRIEVAL

The impact of blurring on retrieval has been studied using
MODIS 1-km IR data. HES footprints with 10-km spatial reso-
lution are simulated at 11 MODIS IR spectral bands with 100%
EE, 90% EE, 80% EE, and 70% EE. Fig. 9 shows the BTD
between 100% EE and 90%, 80%, 70% EE, respectively, for
the MODIS 11 IR spectral bands. MODIS granule data at 1915
universal time coordinate (UTC) on September 6, 2002 is used.
Only clear simulated footprints with 10-km spatial resolution
are included in the retrieval test. It can be seen that the blurring
BTD is not random; it varies spectrally. The BTD is larger in
the window bands than those in the absorption bands. The BTD
impact on temperature and moisture retrieval can be quantified
with MODIS IR data. Temperature and moisture profiles were
retrieved using the 11 MODIS IR bands at 10-km footprint size
with an operational algorithm [10]. The root mean square error
temperature and moisture retrieval due to 90% EE, 80% EE,
and 70% EE are computed by the assumption that 100% EE is
true. The root mean square error here represents the blurring
impact on sounding retrieval. Fig. 10 shows the temperature
(left panel) and relative humidity (RH) (right panel) additional
retrieval error due to 90%, 80%, and 70% EE. It can be seen
that 90%, 80%, and 70% EE will cause approximately 0.07-,
0.10-, and 0.15-K additional temperature retrieval errors,
respectively, in boundary layer with MODIS. For the water-
vapor RH, 90%, 80%, and 70% EE will cause approximately
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.) along the center line in Fig. 5, and the ordinate shows the blurring influence in BTD: (a) clear 10 km 12.0 pm, (b) clear 4 km 12.0 pm, (c) cloudy 10 km

12.0 pum, (d) cloudy 4 km 12.0 pm, (e) clear 10 km 13.8 pm, (f) clear 4 km 13.8 pm, (g) cloudy 10 km 13.8 pm, and (h) cloudy 4 km 13.8 pm.

TABLE 1I
MAXIMUM BTD AND RMS BTD IN FIG. 7
BTD (K)
Case 90% EE 80% EE 70% EE

Max | RMS | Max | RMS | Max | RMS

clear, 10km, 12.00 pm 0.20 0.08 0.34 0.11 0.47 0.17
cloudy, 10km, 12.00 pym | 0.41 0.18 0.59 0.27 0.84 0.37
clear, 4km, 12.00 pm 0.35 0.09 0.46 0.13 0.78 0.19
cloudy, 4km, 12.00 pm 0.36 0.12 0.55 0.18 0.75 0.25
clear, 10km, 13.83 um 0.09 0.06 0.15 0.11 0.20 0.15
cloudy, 10km, 13.83 um | 0.10 0.06 0.17 0.11 0.22 0.15
clear, 4km, 13.83 pm 0.09 0.03 0.11 0.04 0.16 0.06
cloudy, 4km, 13.83 um 0.07 0.02 0.10 0.04 0.14 0.05

0.4%, 0.6% and 0.8% additional retrieval errors, respectively. It
should be noted that the results are from MODIS, which is low
spectral resolution. The impact on retrieval with high spectral
resolution IR data might be different.
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Fig. 9. BTD between 100% EE and 70%, 80%, 90% EE, respectively, for the
MODIS 11 IR spectral bands.

VII. CONCLUSION

In this paper, the blurring influences on IR radiances mea-
sured from GEO orbit were simulated using MAS data and the
PSF model from an unobscured telescope. From the calcula-
tions, we can see the following.

1) Effect of the EE value dominates the portion of radiance
contributed from the nearby and far fields. For the 90%
EE case, 7% are contributed from the first nearby GFOVs
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Fig. 10. (Left) Temperature and (right) RH additional retrieval error due to
90%, 80%, and 70% EE, respectively.

while the contribution from the first nearby GFOVs in-
creases up to 22% for the 70% EE case.

2) Blurring influences from the nearby and far fields have

been quantified. The GEO radiances with 90%, 80%, and
70% EE will cause approximately 0.2-, 0.3-, and 0.4-K
differences from 100% EE at 12.00-um IR longwave
window band in the clear scenes. The blurring influence
is doubled in the cloudy scenes. In the 13.83-um absorp-
tion region, the corresponding blurring influence will be
smaller than that in the 12.00-um band because the layer
at which the temperature-sensitivity peaks for 13.83-um
tend to sense a more uniform scene than at the surface.
The PSF has a greater impact on the heterogeneous
surface. Similar blurring influence is seen in both the 4-
and 10-km resolution IR sounder simulations, except in
the vicinity of a few unusually hot or cold pixels.

3) Blurring error is not random, it varies spectrally.

If the PSF is well known, some of the blurring might be
mitigated, which worth a further study. The prelaunched char-
acterization of the PSF is important to estimate the impact of
the blurring.
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